This paper describes the design principles of electrostatically actuated microelectromechanical capacitors. Key properties, such as capacitance tuning range, quality factor (Q), different control methods, thermal stability, effect of radio frequency signal on capacitance and gas damping are examined. Experimental devices were designed and fabricated using the design principles. The two-gap capacitor has a measured nominal capacitance of 1.58 pF and achieves a tuning range of 2.25:1 with parasitics. When all parasitic capacitances to the substrate are extracted the measured nominal capacitance is 1.15 pF and the tuning range is 2.71:1. The device is made of electroplated gold and has a Q of 66 at 1 GHz, and 53 at 2 GHz. In addition, two-and three-state capacitors were designed, fabricated and characterized.
Introduction
Variable capacitors are key elements in many microwave and millimeter wave applications, such as electrically tunable filters, matching circuits and voltage controlled oscillators (VCOs) [1, 2] . The variable capacitors that are required in these applications can be implemented using a pn-junction [3] . The aforementioned applications require a high quality factor (Q), a wide tuning range and good linearity. A high Q is required for instance to minimize loss in the circuit. In addition filters require high Q devices, since the dynamic range of the filter is proportional to Q 2 F [1] , where Q F is the quality factor of the whole filter. Furthermore, a wide tuning range allows applications in which the desired frequency band can be changed and the process and temperature variations compensated.
It has been proposed that one way to meet the aforementioned requirements is to use microelectromechanical (MEM) devices, for example MEM capacitors, as the main building blocks for radio frequency (RF) applications [4] [5] [6] [7] [8] . The main advantages of a MEM capacitor are a high Q when using metal as a structural material, a mechanical structure that isolates the control circuit from the signal circuit and mechanical inertia that prevents modulation of the capacitance value by the RF signal. State-of-the-art micromachined devices are mostly made of polysilicon, because polysilicon has superb mechanical properties and its technology is well known [9] .
However, for RF devices such as the micromachined tunable capacitor, it is critical to minimize ohmic loss and to achieve a high Q. This has led to the use of metals. A Q of 62 at 1 GHz for a 2.11 pF capacitance value has been achieved with aluminum [10] . A polysilicon structure with an additional gold layer to increase conductivity has been reported to achieve a Q of 256 at 1 GHz for a 0.101 pF capacitance value [11] . A MEM capacitor also provides in theory a very high continuous tuning range. Using electrostatic actuation Dec and Suyama [12] have demonstrated a tuning range of 87% using a threeplate capacitor with a nominal capacitance of 4.0 pF and a Q of 15.4 at 1 GHz. In addition, Zuo et al [13] have demonstrated a tuning range of 69.8% using a two-gap metal capacitor that has separate signal and control electrodes.
The good linearity of a MEM capacitor is due to mechanical inertia. This isolates the voltage-controlled low frequency behavior of the capacitor from the effect of the RF signal. The RF signal does not modulate the capacitance because the mechanical inertia effectively damps any movement that is well above the first resonance frequency. However, the effective value of the RF signal voltage over the capacitor still affects the capacitance value of the MEM capacitor.
This paper presents several different MEM capacitors. The presented two-gap MEM capacitor has the largest tuning range reported to date. Section 2 describes and reviews the operational principles of a MEM capacitor. Key properties, such as the capacitance tuning range, different control methods, effect of the ac signal, thermal stability and the gas damping are discussed. Section 3 applies this information to the MEM capacitor design. The measurement results that are obtained from the fabricated components are presented in section 4. Finally, conclusions of the measurements are presented in section 5.
Operational principles

Parallel plate capacitor
A MEM tunable capacitor usually consists of two parallel plates: one plate is fixed and the other one is suspended using a mechanical spring with a spring constant k so that the control voltage V can vary the gap between the plates. The functional model of the one-gap MEM capacitor is shown in figure 1(a) . d 1 is the thickness of the dielectric layer on top of the lower electrode, d 3 is the air gap between the electrodes under zero control voltage and x is the air gap when the control voltage is applied. The capacitance value can be controlled by the voltage difference or by controlling the charge on the capacitor plates. In the case of the voltage control, the voltage difference attracts the suspended electrode towards the fixed electrode until equilibrium between the spring force and the electrical force is reached. Mathematically this can be formulated as follows:
where A is the area of the capacitor plates, U is the control voltage, r is the effective dielectric constant of the dielectric layer on top of metal 1 and 0 is the permittivity of the vacuum. Since the spring force is a linear function of the air gap and the electric force is inversely proportional to the second power of the air gap, there exists a stable equilibrium point only when
After this point pull-in happens and the suspended electrode collapses on top of the fixed electrode. If the control voltage is decreased, the suspended electrode remains in its pull-in state until some voltage level, the release voltage, is reached. The pull-in limits the theoretical continuous tuning range of the voltage-controlled one-gap MEM capacitor to 50%. One way to get around the pull-in phenomenon is to use separate control and signal electrodes. In this case the air gap between the control electrode and the suspended electrode can be made larger than the gap between the signal electrode and the suspended electrode. Figure 1 (b) shows the functional model of the two-gap MEM capacitor structure. Dimension d 2 in the figure is the difference between the signal electrode air gap and the control electrode air gap. If for the gap d 3 between the signal electrode and suspended electrode the relation
holds true, then pull-in due to the control voltage does not occur before the suspended electrode touches the signal electrode. In this case, the capacitance due to the dielectric layer defines the theoretical maximum tuning range. Another way to increase the tuning range is to use charge control. In this case the equation between mechanical spring force and electrical force changes to
where q is the charge pumped to the electrode. The force due to the charge is now independent of the gap and thus in the ideal case charge control allows full control of the capacitor air gap. However, in reality the parallel parasitic capacitance limits the maximum control range and leakage currents make the control of the amount of charge difficult. Several people have demonstrated different voltage and charge control methods. Table 1 compares the advantages and disadvantages of these methods.
A simple parallel plate capacitor as shown in figure 1 (a) has a hysteretic capacitance as a function of voltage, due to pull-in. This hysteretic behavior can be used to operate a MEM capacitor in a multi-state mode as an alternative to a continuous operation mode. In the multi-state mode, the most important device parameters are the zero voltage and the pull-in capacitances, C off and C on , the pull-in voltage U pull-in , and the release voltage U release . Estimations for the capacitance values can be calculated using the parallel plate approximation. Estimation for the pull-in and the release voltage can be calculated assuming a linear spring force. This yields relationship between the ratio of the pull-in and the release voltage and the capacitance change ratio [14] than the pull-in voltage can be sensitive to of the capacitor [15] leakage currents Charge control using a coil [16] Very low ac control signal Requires high Q coil Two-gap Simple, separate control Large control capacitor and signal electrodes voltage structure [13] Charge control Simple Large control using capacitive voltage, can be feedback [17] sensitive to leakage currents where 
This means that the RMS value of the ac voltage (U RF = U RF / √ 2) limits the available tuning range, because it can cause pull-in. The critical point in the gap when the RF signal causes pull-in is the first zero of the equality pair
on the positive side of the origin. Inserting (1) and (7) into (8) yields
Equation (9) can be solved numerically using the dimensions of the two-gap MEM capacitor. The two-gap MEM capacitor dimensions are Figure 2 shows the result: the theoretical maximum tuning range as a function of the RMS value of the RF voltage that is normalized to the pull-in voltage of the signal electrode.
Capacitance behavior due to mechanical stress and temperature variation
There are two problems when metal is used as a structural material in micromechanical devices. First, there is a large 
temperature-dependent stress that is caused by the difference between the coefficient of thermal expansion (CTE) of the substrate and the metal. The second problem is warping of the thin suspended metal membrane, due to the variation of the intrinsic stress over the membrane. The second problem is considered to be a process development issue that cannot be solved by changing the design parameters. However, the temperature-dependent stress is a design issue. For a gold film on top of a silicon substrate, the temperature dependence of the stress is ∼1 MPa
• C −1 . Figure 3 shows how this temperature-dependent stress affects the capacitance as a function of control voltage of the two-gap capacitor. Figure 3 is simulated using a finite difference model of a two-gap capacitor with the dimensions mentioned in the caption of figure 2 and depicted in figure 4 . The initial condition in the simulation was that the intrinsic stress at room temperature was 65 MPa. Several methods have been suggested to eliminate the temperature-dependent stress. Corrugations of the diaphragm [18] and springs [10, 12] have been used.
Acceleration sensitivity
Inertial force always affects the freestanding micromechanical structures. In order to evaluate the effect of acceleration on the bending of the micromechanical bridge, the accelerationinduced bending has to be compared with the electrostatic force used for bending the structure. One way is to calculate the capacitance change due to random acceleration a:
where ∂C/∂p is the pressure-to-capacitance transfer function, ∂p/∂a is the acceleration-to-pressure transfer function, ρ is the density and t is the thickness of the suspended electrode. Table 2 shows a list of different acceleration sources and values that can be used for them. The third and the fourth columns show the calculated capacitance change due to acceleration. The capacitor used in simulations is a two-gap bridge capacitor that is in tensile stress and has dimensions shown in figure 4 and table 3.
Transient behavior of the MEM capacitor
The mechanical frequency response and the switching time characterize the transient behavior of MEM devices. The switching time can be roughly approximated by 1/4 period of the membrane vibration in the first resonance frequency mode. The resonant frequency is dependent mainly on the geometry and the stiffness of the structure. The more rigid the structure the higher the first mechanical resonant frequency mode and also shorter the switching time. However, the required control voltage also increases. Experiments show that the ambient gas pressure also has a strong influence on the mechanical frequency response due to the gas damping effect [19, 20] . The effect of the gas damping on the device performance varies as a function of ambient pressure. Consequently, gas damping can be divided in three regions depending on the gas pressure: (1) viscous damping (>10 mbar), (2) molecular damping (0.1-10 mbar) and (3) negligible gas damping (<0.1 mbar) compared to the internal material losses.
The components presented here are designed for the viscous damping regime. The design parameters that affect the damping, in addition to the gas pressure, are the relative size and the arrangement of the perforation holes compared to the air gap size. At the time when the design was made the model for the transient analysis of the device did not include the effect of many small perforation holes [20] . However, development for a compact model for squeezed-film damping is under way by Veijola and Mattila [21, 22] .
Design of the MEM capacitor
Several different MEM capacitors were designed and fabricated by surface micromachining. In order to reduce cost, the devices were fabricated on low resistivity silicon (∼1 cm). Because the low resistivity substrate causes losses, it was selectively removed under the fixed electrodes as shown in figure 4 . The structural material of the devices was chosen to be gold due to its high conductivity and due to fabrication issues. Since there was no suitable MEMS fabrication process available, a new process was developed by Tronic's Microsystems, France. The fabrication process uses gold to form both the fixed electrodes (metal 1) as well as the suspended electrodes (metal 2). On top of the metal 1 layer a silicon nitride dielectric layer (ε r = 7.5) was formed. This isolates the suspended electrode from the fixed electrodes in the case of pull-in. The air gap was realized using a polymer as a sacrificial material. In order to remove the sacrificial material from underneath the metal 2 film, perforation holes were made to the suspended electrodes. The perforation holes were 4 × 4 µm 2 in size with 12 µm spacing. The two-gap structures were realized using an additional oxide layer under selected fixed electrodes and by planarizing the polymer before the deposition of metal 2. In addition, the process contains a third metal layer, a thick electroplated gold layer that is used as a structural material in the capacitors and to form high Q coils. Figure 4 shows a simplified top and cross-section view of the designed capacitor structure with separate control and signal electrodes and two different air gaps. Table 3 shows the thicknesses of the layers used in the device. The design goals for the capacitor were a nominal capacitance value of 1.0 pF and a tuning range of 100%, when there is a 4 V peak-to-peak sinusoidal RF voltage over the capacitor.
Continuously tunable capacitor design
The design procedure of the device begins from the signal electrode capacitance value. The capacitance is dependent on the gap between the electrodes and the area of the electrodes. In order to minimize the total area used, the gap should be as small as possible. Due to the process limitations the smallest nominal air gap between the signal electrode and the suspended electrode is 0.5 µm. As a result, the desired signal electrode capacitance of 1.0 pF can be achieved with a signal electrode area of 204 × 308 µm 2 . The gap between the signal and the suspended electrode determines the gap between the control and the suspended electrode. According to equation (3), the nominal air gap between the control and the suspended electrode must be at least 1.5 µm to prevent pull-in. To prevent shorting between the signal and the suspended electrode during operation there is a 100 nm thick dielectric layer on top of the signal electrode. This dielectric layer is patterned to form square shaped dimples that are 4 × 4 µm 2 in size with 12 µm spacing. The purpose of the pattern is to reduce the probability of stiction of the suspended electrode during contact.
According to figure 2 the maximum tuning range of the designed capacitor is dependent on the RMS value of the RF voltage over the capacitor and the pull-in voltage of the capacitor. The design target requires the capacitor to have a tuning range of 100%, when the RMS voltage over the capacitor is 1.42 V (4 V peak-to-peak sinusoidal signal). Using the data in figure 2 the design target for the signal electrode pull-in voltage can be calculated to be 2.82 V.
The parameters that affect the signal electrode pull-in voltage but not the capacitance value, are the thickness, stress and the length of the suspended electrode. The thickness of the suspended electrode (0.5 µm) is a process parameter. Using it as a design parameter should be avoided. The stress in the suspended electrode is also a process parameter. At the time of the design work the target value for the intrinsic stress at room temperature was 65 MPa. That leaves the length of the suspended electrode as the only free design parameter. A two-dimensional finite difference (FD) model of the two-gap capacitor is used to simulate the effect that the length of the bridge has on the pull-in voltage. The simulations show that the signal electrode pull-in voltage of 2.86 V is achieved when the length of the suspended bridge is 464 µm.
The length of the bridge limits the size of the control electrodes. This in turn affects the required control voltage. The available size for the two control electrodes is 2 × 96 µm × 308 µm. Because all the electrode sizes are known, the FD model can be used to estimate the required control voltage. Simulation that ignored the effect of the RF signal showed that the required control voltage to change the signal electrode capacitance 300% is 27 V. The major flaw in the design flow is that the temperature-dependent stress is not taken into account. This was done on purpose since research for a structure that eliminates the temperature-dependent stress but not the intrinsic stress is still going on. Figure 5 shows a cross-section view of a two-state capacitor. The design goals for the capacitor were C on = 15 pF, C off = 1 pF, and a pull-in voltage in the range of 3 to 5 V. The design procedure of the capacitor roughly follows the procedure used for the continuously tunable capacitor. The main difference is that now some of the process parameters have to be used as design parameters. The on/off capacitance ratio for instance, is only dependent on the air gap, the dielectric layer thickness, and the surface roughness. In order to get a required on/off capacitance ratio of 15 with an air gap of 0.5 µm the dielectric layer thickness has to be 100 nm. This calculation takes into account that in pull-in the average air gap remaining between the upper electrode and the dielectric layer due to the surface roughness is 20 nm. In contrast to the continuously tunable capacitor, the dielectric layer of the capacitor is now not patterned. With the mentioned layer thicknesses, the target capacitance values can be achieved with a signal electrode area of 240 × 236 µm 2 . It was explained in section 2 that the capacitance ratio defines the ratio between the pull-in and the release voltage. According to (5) the ratio U pull-in /U release is 6.0 when C on /C off Figure 6 . Cross-section view of a three-state capacitor structure.
Multi-state capacitor design
Figure 7.
Electrical equivalent circuit of the two-gap capacitor. R s1 , R s2 and R substrate are the resistances for the moving electrode and the anchorings, the fixed electrode and the substrate, respectively. R parallel is the parasitic parallel resistance of the capacitor. C 1 , C control and C substate are the signal electrode, the control electrode and the parasitic substrate capacitances, respectively. is 15. The parameters that affect the pull-in voltage but not the capacitance value are the thickness, stress and the length of the suspended electrode. Following the continuously tunable capacitor design flow, the thickness of the suspended electrode is assumed to be 0.5 µm and the stress at room temperature is 65 MPa. A two-dimensional FD simulation shows that a pull-in voltage of 3.56 V can be achieved with a 332 µm long bridge. Figure 6 shows a cross-section view of a three-state capacitor. The device operates in the same way as the twostate capacitor. The difference is that by adding a bump at the center of the fixed electrode, the suspended electrode is first pulled to the bump. When the control voltage is increased further, the rest of the structure is pulled down. As a result, the capacitor has three capacitance states. Figure 7 shows the electrical equivalent circuit of the twogap capacitor with separate control and signal electrodes. Simulations show that the Q of the device is strongly dependent on the parasitic capacitance to the ground. This is due to loss in the resistive substrate. In the proposed structure, the substrate is selectively removed under the signal electrode to reduce the parasitic capacitance. However, replacing the substrate with a non-conducting material like glass should increase the Q still considerably. In the results section, the equivalent circuit will be fitted to the measured data to extract electrical parameters for the capacitor. 
Electrical parameters
Anchoring design
The challenge with the MEM capacitor is that the air gap has to be controlled accurately. The accuracy of the air gap is mainly dependent on the planarity of the suspended electrode and the stability of the anchoring. It was shown in section 2 that the suspended bridge has intrinsic stress and thermal stress. Finite element modeling shows that these stresses can create forces that act on the anchoring points. Figure 8 (a) shows how these forces can cause a torque on the suspended electrode at the anchoring point. Even a small torque can cause severe warping of the suspended electrode. Figure 8(b) shows the solution to the anchoring problem. Finite element modeling proved that when the thick electroplated metal is used to enforce anchoring, the torque on the suspended membrane can be minimized. Furthermore, the thick electroplated metal can be used to create high Q inductors on the same chip. Figure 8(c) shows a more advanced anchoring structure. The thick electroplating is used to form a spring that connects the anchoring point to the suspended bridge. The spring is meant to reduce the residual stress in the released bridge.
Measurement results and discussion
All measurements were carried out at room temperature using a Karl Suss PA 200-II probe station that has temperature control and a dry air flow-system. Low frequency capacitance as a function of voltage was measured using an HP 4284A LCR meter and an HP 6634B dc voltage source. S-parameters were measured using a Rohde & Schwarz ZVCE vector network analyzer. Open and short structures that are located besides every device on the wafer were used to remove pad parasitics from the S-parameter measurement results. The capacitance as a function of time was measured using a self-made one port vector network analyzer that operates at 836 MHz. It was noted that the vector network analyzer has rather poor capacitance measurement accuracy. However, this is not a problem since it is meant to evaluate capacitance transient behavior rather than the absolute value. Figure 9 shows a photograph of a two-state MEM capacitor. The dimensions of the device are shown in the figure and in table 3. The designed value for the air gap between the signal electrode and the suspended electrode was 0.5 µm. Figure 10 shows the measured capacitance as a function of voltage of the device. The capacitor has a measured off capacitance of 1.60 pF and the on capacitance after pull-in is 10.1 pF. The pullin and the release voltages are 2.2 and 0.8 V, respectively. The capacitance increases still after the pull-in, reaching 15.5 pF with a control voltage of 20 V. However, stiction is a problem after the capacitance exceeds 14.4 pF at 11 V. The measured parasitic capacitance to the substrate is 0.62 pF. The high parasitic capacitance is due to the fact that the substrate was not removed under the signal electrode of the device used for the capacitance as a function of voltage characterization. When the parasitic capacitance to the substrate is removed, the ratio between the on and the off capacitance becomes 10.
Multi-state capacitors
Due to loss in the substrate, the measured Q of the device is 3.5 at 1 GHz when the substrate is not removed under the signal electrode. When the substrate is removed, the Q is 182 at 1 GHz and 119 at 2 GHz. Figure 11 shows the measured Q of the device as dots and the continuous line is the simulated Q as a function of frequency. The simulated Q is calculated by fitting the equivalent circuit to the measured S-parameter data. A drawback of the low resistivity substrate is that even if the substrate is removed underneath the signal electrode, the substrate loss still has a dominant impact on the Q. Another drawback is that the SiO 2 -SiN x membrane that holds the signal electrode, when the substrate is removed, is not very robust. The membrane is seen as a factor that decreases the process yield and the reliability of the device. Consequently, we expect future studies with glass as a substrate material to improve the Q and the reliability of the device considerably.
An estimation for the stress in the suspended electrode is calculated by fitting an FD model to the capacitance as a function of voltage using the stress as a parameter. According to the model the stress in the suspended membrane is 35 MPa. The capacitance as a function of voltage can be modeled relatively accurately before pull-in happens with the FD model. However, the major difference between the modeled and the real device is that the pull-in voltages are 2.7 and 2.2 V, respectively. The pull-in happens much earlier in the real device than predicted by the model. We believe that this is due to the limitations of the 2D model and the nonuniformity of the gap. In addition to the model mentioned here, there is also a circuit level model developed by Tinttunen et al [23] , which can accurately simulate the behavior of the device during and after the pull-in. Figure 12 shows the measured capacitance as a function of time of the two-state capacitor. The turn-on and turn-off times are about 250 and 450 µs, respectively. The slow switching speed is due to the requirement of low control voltage. The more rigid the structure the higher the first mechanical resonant frequency and thus the shorter the switching time. However, the more rigid the structure, the higher the control voltage must be. figure 14 . The measured capacitance of the first, the second and the third state are 0.86, 1.61 and 3.68 pF, respectively. The pull-in and the release voltage of the second state are 6.0 and 1.1 V, respectively. The pull-in and the release voltage of the third state are 8.1 and 3.9 V, respectively. The substrate was not removed under the signal electrode of the device used for the capacitance-as-a-function-of-voltage characterization. As a result, the measured parasitic capacitance between the device and the substrate is 0.53 pF. The Q of the device is 2 at 1 GHz, when the substrate is not removed under the signal electrode. When the substrate is removed under the signal electrode, the Q is 94 at 2 GHz. Figure 15 shows a photograph of the two-gap MEM capacitor with separate control and signal electrodes. The dimensions of the device are shown in figure 4 and table 3. Figure 16 shows the measured capacitance as a function of control voltage of the capacitor. The capacitor has a measured tuning range of 125%. When the control voltage is stepped from 0 to 17.7 V and then back to 0 V, the capacitance as a function of voltage changes from 1.58 pF up to 3.55 pF. The substrate was not removed under the devices used for the capacitance-as-afunction-of-voltage measurements. The measured parasitic capacitance from the device to the substrate is 0.43 pF. As a result, the measured capacitance tuning range of the device without the parasitic capacitance to the substrate is 171%. Future studies with reduced parasitic capacitance will improve the capacitance tuning range considerably. For comparison, a one-gap capacitor with separate signal and control electrodes and an air gap of 1.5 µm was also measured. This MEM capacitor has a measured tuning range of 11% 1.37-1.52 pF, when all parasitics are included. The measured parasitic capacitance from the device to the substrate is 0.92 pF. When the parasitic capacitance is extracted from the measurement data, the capacitance tuning range becomes 32%.
Continuously tunable capacitor
There is a slight hysteresis visible in figure 16 . It seems that the ac probe signal of the LCR meter causes the hysteresis. As was explained in section 2.2, the measuring ac signal is rectified due to a square law relation between the electrostatic force and the signal voltage. This causes an additional voltage component between the signal electrode and the suspended electrode. If some part of the suspended electrode touches the signal electrode, slight hysteresis results. Figure 17 shows the measured Q of the two-gap MEM capacitor as dots. The continuous line shows the Q of the equivalent circuit that was fitted to measured S 11 -data. The calculated equivalent circuit component values are listed in table 4. The capacitor has a measured high frequency 
Conclusions
Several different metal MEM capacitors were fabricated using surface micromachining. The device types that were demonstrated were the two-state, the three-state and the continuously tunable capacitor. The best continuously tunable capacitor has a measured nominal capacitance of 1.58 pF and a tuning range of 125%. The required control voltage is 17.7 V.
Gold is used as the structural material for the capacitors. This allows in theory fabrication of very high Q devices. However, currently the low resistivity substrate dominates the Q. The Q of the devices is improved up to 119 at 2 GHz by removing the substrate under the signal electrode. Even in this case the substrate still has a significant effect on the Q. On the other hand, the SiO 2 -SiN x membrane that holds the signal electrode, when the substrate is removed, is not very robust. The membrane is seen as a factor that decreases the process yield and the reliability of the devices. Therefore, future studies will concentrate on devices made on glass substrates. Nevertheless, high resistivity silicon could also be used.
The switching speed of the measured devices is slow for many telecommunication applications. A tradeoff must be made between low control voltage and device speed. Elimination of the temperature dependence of the MEM capacitors is an important issue. The development of temperature compensating structure is seen as a first priority for future studies. A second priority is the reliability of the devices and packaging studies.
